Activity and protein synthesis act cooperatively to generate persistent changes in synaptic responses. This forms the basis for enduring memory in adults. Activity also shapes neural circuits developmentally, but whether protein synthesis plays a congruent function in this process is poorly understood. Here, we show that brief periods of global or local protein synthesis inhibition decrease the synaptic vesicles available for fusion and increase synapse elimination. Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) is a critical target; its levels are controlled by rapid turnover, and blocking its activity or knocking it down recapitulates the effects of protein synthesis inhibition. Mature presynaptic terminals show decreased sensitivity to protein synthesis inhibition, and resistance coincides with a developmental switch in regulation from CaMKII to PKA (protein kinase A). These findings demonstrate a novel mechanism regulating presynaptic activity and synapse elimination during development, and suggest that protein translation acts coordinately with activity to selectively stabilize appropriate synaptic interactions.
Introduction
Synaptic activity and new protein synthesis collaborate in the learning of new tasks, in the formation of long-lasting memories, and in the generation of persistent changes in synaptic responses (Linden, 1994; Steward and Worley, 2001; Abraham and Williams, 2003) . During development, levels and patterns of activity can also influence synaptogenesis in the mammalian CNS by accelerating maturation, promoting retention, or provoking elimination of synapses (Katz and Shatz, 1996; Weliky, 2000; Sanes and Lichtman, 2001; Lanuza et al., 2002; Personius and Balice-Gordon, 2002; De Paola et al., 2003; Shen et al., 2006; Yao et al., 2006) . Comparatively little is known about the role of protein synthesis in synaptogenesis.
During development, protein synthesis levels peak during synaptogenesis (Phillips et al., 1990) , suggesting that young synapses have a particularly high demand for new proteins. High levels of synthesis in part provide the raw materials needed to generate and differentiate new synapses. Consistent with this, long-term exposure to protein synthesis inhibitors can inhibit synapse assembly in invertebrate neurons (Schacher and Wu, 2002; Meems et al., 2003) . But more recent work has demonstrated that sustained suppression of a particular mRNA encoding the peptide, sensorin, can also inhibit synaptogenesis (Lyles et al., 2006) , suggesting that protein synthesis contributes a more specific and regulated role. Such targeted protein synthesis could serve to counterbalance targeted protein degradation via the ubiquitin-proteasome system, which is known to regulate synapse activity and stability (Willeumier et al., 2006; Ding et al., 2007; Yao et al., 2007) .
In this study, we investigated whether protein synthesis contributes dynamically during development to synapse function and stability. We show that young presynaptic terminals and small terminals at all ages depend on a continuous supply of new proteins, and in particular on Ca 2ϩ /calmodulin-dependent protein kinase II␣ (CaMKII␣). Brief periods of protein synthesis inhibition, CaMKII inhibition, or CaMKII␣ knockdown, reduce the pool of synaptic vesicles available for release and increase synapse elimination. As synapses mature, the impact of protein synthesis inhibition and the role of CaMKII diminish, and the actions of protein kinase A (PKA) predominate. Our findings demonstrate that protein translation can dynamically and locally regulate presynaptic activity and synapse stability. When coupled to recent work demonstrating that regulated protein degradation can influence synapse stability (Willeumier et al., 2006; Ding et al., 2007; Yao et al., 2007) , the data suggest that developing synapses ride a tightly regulated balance that can be easily tipped toward stability or instability by increasing synthesis or degradation. Several developmental diseases producing mental retardation and autism-related behaviors likely result from impaired formation of neural circuitry (Li et al., 2001; Zoghbi, 2003; Dictenberg et al., 2008; Kelleher and Bear, 2008; Walsh et al., 2008; Yashiro et al., 2009) . That some can be caused by defects in proteins regulating synthesis or degradation suggests that synapse stabilization may be a particularly vulnerable stage of development.
Materials and Methods
Dissociated hippocampal neuron culture. Hippocampi were dissected from embryonic day 18 Sprague Dawley rat brains and prepared as previously described by Banker and colleagues (Goslin et al., 1998) . In brief, neurons were dissociated with 0.25% trypsin for 15 min at 37°C and triturated through a fire-polished Pasteur pipette. Cells were then plated on 1 mg/ml poly-L-lysine-coated glass coverslips and maintained in Neurobasal medium with B-27 supplements (Invitrogen) (Zhang and Benson, 2001 ). Experiments were performed in cultures between 5-7 d in vitro (div) and 18 -21 div.
Antibodies. The following primary antibodies were used: anti-synapsin Ia [mouse monoclonal IgG1; immunocytochemistry (IC), 1:250; Western blotting (WB), 1:1000; Synaptic Systems], anti-p-site-3 synapsin I (rabbit polyclonal; WB, 1:1000; Invitrogen), anti-p-site-1 synapsin I (rabbit polyclonal; WB, 1:1000; Affinity Bioreagents), anti-synaptic vesicle 2 (SV2) [mouse monoclonal IgG1; Developmental Studies Hybridoma Bank (Feany et al., 1992) ], anti-CaMKII␣ (rabbit polyclonal; WB, 1:2000; Millipore Bioscience Research Reagents), anti-CaMKII␣ (mouse monoclonal; IC, 1:250; Millipore), anti-CaMKI (rabbit polyclonal; WB, 1:1000; Abcam), anti-p-CaMKII thr286 (rabbit polyclonal antibody; WB, 1:1000; Cell Signaling), anti-actin (mouse monoclonal IgG1; WB, 1:1000; Millipore Bioscience Research Reagents), anti-synaptophysin (purified Ig fraction of rabbit serum; IC, 1:5000; Zymed; or G95 at 1:5000; gift from P. DeCamilli, Yale University, New Haven, CT), anti-panShank (mouse monoclonal IgG1; IC, 1:500; NeuroMab), anti-PSD95 family (mouse monoclonal 6G6; 1:1000; Affinity Bioreagents), anit-NMDAR1 (mouse monoclonal clone 54.1; gift from J. H. Morrison, Mount Sinai School of Medicine, New York, NY), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (rabbit polyclonal; 1:1000; Trevigen). Fluorescence-tagged secondary antibodies were obtained from Vector Laboratories and Jackson ImmunoResearch. For WB, species-appropriate horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) were used.
Metabolic labeling. Anisomycin (aniso) and cycloheximide (cyclo) are commonly used to inhibit protein synthesis in neurons. Both agents block peptide elongation, but whereas aniso blocks the peptidyl transferase reaction, cyclo blocks the translocation reaction on ribosomes (Alberts et al., 2002) . To determine the timing and degree to which protein synthesis is inhibited by aniso or cyclo, and the most effective concentrations for each drug in our dissociated hippocampal cultures, we measured [
35 S]methionine incorporation in 7 div neurons. [ 35 S]Methionine (PerkinElmer) was added to neurons at a final concentration of 3.4 mCi/ml, together with vehicle (DMSO), aniso, or cyclo. The concentrations tested spanned 2 orders of magnitude (aniso, 3-300 M/0.8 -80 g/ml; cyclo, 7-700 M/2-200 g/ml) and were based on concentrations used in past studies (Kleiman et al., 1993; Alberts et al., 2002; Schacher and Wu, 2002; Ghirardi et al., 2004) . Neurons remained healthy as assessed by their appearance using differential interference contrast (DIC) microscopy (absence of blebbing, lack of somal swelling) for up to 8 h. After 10 min, 30 min, 2 h, 5 h, or 8 h exposure to aniso or cyclo, neurons were washed and lysed, and protein synthesis was evaluated by scintillation counting (Kleiman et al., 1993) .
We noticed a large decrease (Ͼ50%) in [ 35 S]methionine incorporation at 10 min (supplemental Fig. 1b , available at www.jneurosci.org as supplemental material), and the decrease is more pronounced at 2 h (Ͼ75%) (supplemental Fig. 1c , available at www.jneurosci.org as supplemental material) and 5 h (Ͼ86%) (supplemental Fig. 1d , available at www.jneurosci.org as supplemental material). Thus, new protein synthesis (and our ability to detect significant inhibition) is rapid, but well within the normal range. For mRNAs on polyribosomes, new proteins are generated on a timescale of 20 s to several minutes (Alberts et al., 2002) .
Based on these studies, we decided to use the lowest concentrations of aniso (8 g/ml) and cyclo (20 g/ml) that produced maximal inhibition of [
35 S]methionine incorporation. These data corroborate a previous study showing that 20 g/ml cyclo blocks new protein synthesis in 14 div neurons as monitored by [
3 H]leucine uptake in the absence of cell death for up to 12 h. This study also showed that neurons remained metabolically active (Kleiman et al., 1993) .
Immunocytochemistry. Neurons were fixed using 4% paraformaldehyde with 4% sucrose in PBS and permeabilized with 0.25% Triton X-100. Nonspecific binding was blocked by preincubation in 10% BSA, and neurons were incubated in primary antibodies (diluted in 1% BSA) at 4°C overnight. This was followed by incubation with speciesappropriate secondary antibodies for 2 h.
Microscopy. Single optical sections were acquired using a Zeiss LSM 510 confocal microscope, a 63ϫ objective [numerical aperture (NA) 1.3] at a resolution of 512 ϫ 512; cluster area and fluorescence intensity were quantified using MetaMorph (Molecular Devices) (Zhang and Benson, 2006) . To assess appositions, images were acquired using a 100ϫ objective (NA 1.3) at a resolution of 1024 ϫ 1024. Labeled regions were defined by thresholding, and appositions were defined as sites measuring at least 200 nm in diameter having overlap or contact.
FM dye recycling. Styryl dyes have been used extensively to study synaptic vesicle recycling (Betz et al., 1992) , including in dissociated hippocampal cultured neurons (Ryan et al., 1993; Klingauf et al., 1998) . All imaging experiments were performed at 36.5°C, 5% CO 2 in imaging media containing the following (in mM): 124 NaCl, 3 KCl, 2 CaCl 2 , 1.25 NaH 2 PO 4 , 2 MgSO 4 , 10 dextrose, 26 NaHCO 3 , pH 7.35. Images were acquired using a 40ϫ objective (NA 1.3) on a Zeiss LSM510 confocal microscope. After 2 h control (vehicle) treatment, neurons were labeled with FM4-64 (Invitrogen; 10 M) by depolarizing with imaging media containing 60 mM KCl and 27 mM NaCl, as well as 10 M DNQX (SigmaAldrich) and 50 M APV (Sigma-Aldrich) to block recurrent excitation. After an extensive wash, FM dye was then unloaded using stimulating media in the absence of dye. The kinetics of FM dye release was assessed by taking 50 images over 120 s. After washout, the same cell was treated for 2 h with aniso or cyclo; FM dye was then reloaded into the same neuron and an image was taken, followed by FM dye release kinetics assessment. In some experiments, aniso or cyclo was washed out, neurons were allowed to recover for 4 h, and FM dye uptake and release were assessed again. This allowed a comparison of vesicle recycling at the same sites after control, aniso or cyclo treatment, and washout. All data were analyzed using MetaMorph and exported into Excel for analysis. Statistical comparisons were made using Excel or Prism. To examine FM dye uptake as a function of FM dye site area, data were exported and graphed in Excel using a scatter plot, and a logarithmic best-fit curve was added. To label the readily releasable pool (RRP), neurons were stimulated by application of hypertonic sucrose (500 mM) (Rosenmund and Stevens, 1996) .
For post hoc immunolabeling, after FM uptake and release, neurons were fixed using 4% paraformaldehyde with 4% sucrose in PBS for 10 min and permeabilized with 0.25% Triton X-100 for 1 min followed by washes. Nonspecific binding was blocked by preincubation in 10% BSA for 30 min, and neurons were incubated in primary antibodies (diluted in 1% BSA) for 1 h. This was followed by incubation with speciesappropriate secondary antibodies for 30 min.
Electrophysiological recordings. For assessing postsynaptic activity, cultured hippocampal neurons on coverslips were placed in a custom-made recording chamber on the stage of an Olympus BX51W and perfused at a rate of 1-2 ml/min with artificial CSF (ACSF) containing the following (in mM): 127 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 D-glucose, 2 CaCl 2 , and 1 MgCl 2 . To record EPSCs, the recording pipettes were filled with the following (in mM): 125 CsMeSO 4 , 10 tetraethylammonium, 5 NaCl, 10 HEPES (Na ϩ salt), 4 lidocaine, 1.1 EGTA, 4 ATP (Mg 2ϩ salt), and 0.3 GTP (Na ϩ salt). Neurons were held at Ϫ70 mV under voltage clamp. Picrotoxin (50 M) was added in ACSF to inhibit GABA A receptor-mediated response. To record action potentials, K ϩ -based internal solution was used (in mM: 128 potassium gluconate, 10 NaCl, 10 HEPES, 0.5 EGTA, 2 MgCl 2 , 4 Na 2 ATP, 0.4 NaGTP). All recording were performed at room temperature. EPSCs were analyzed using MiniAnalysis (Synaptosoft) and action potentials were analyzed with Clampfit (Molecular Devices).
For long-term potentiation (LTP) experiments, hippocampal slices (350 m) were taken from postnatal day 6 (P6) Sprague Dawley rats using a McIllwain tissue chopper. Slices were perfused continuously with Ringer's solution containing the following (in mM): 125.0 NaCl, 2.5 KCl, 1.3 MgSO 4 , 1.0 NaH 2 PO 4 , 26.2 NaHCO 3 , 2.5 CaCl 2 , 11.0 glucose, bubbled with 95% O 2 /5% CO 2 , during extracellular recordings (electrode solution: 3 M NaCl). Slices were maintained for 1-2 h before establishment of a baseline (20 -30 min) of field EPSPs (fEPSPs). The temperature of the recording chamber was maintained at 32 Ϯ 1°C for the duration of the experiments. Field EPSPs were recorded from stratum radiatum in area CA1, evoked by stimulation of the Schaffer collateral-commissural afferents every 30 s with bipolar tungsten electrodes with 100 s pulses. Test stimulus intensity was adjusted to obtain fEPSPs with amplitudes that were one-half of the maximal response. The EPSP initial slope (in millivolts per millisecond) was determined from the average waveform of four consecutive responses. Data were digitized at 10 kHz through a Digidata 1200 interface controlled by pClamp software (Molecular Devices) . LTP was induced with four trains of 100 Hz, 1 s tetanic stimulation separated by 5 min and recorded for 20 min after tetanus. Input-output curves were obtained by plotting the stimulus voltages against the slopes of EPSPs. Slices were incubated in aniso (bath-applied; 20 M), starting from 20 min before tetanic stimulation and continued until the end of recordings.
Western blotting. Changes in levels and phosphorylation states of endogenous proteins were assessed by Western blots as previously described (Mintz et al., 2003) . Hippocampal cells were homogenized in SDS Laemmli sample buffer and total protein concentration was determined by using a Bradford assay and a BioSpec 1601 spectrophotometer. Equal protein amounts were fractionated on a 7.5% SDS-polyacrylamide gel before transfer to polyvinylidene difluoride paper. Blots were blocked and probed with primary antibody overnight. Species-appropriate horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) were added for 1 h, and after washes, label was visualized with SuperSignal ECL (Pierce). Films were developed using an SRX-101 Tabletop Processor (Konica Photo Imaging). Films were scanned and then quantified using MetaMorph.
Transfections and live imaging. Neurons were transfected at the time of plating with green fluorescent protein (GFP)-synapsin I (gift from P. Greengard, Rockefeller University, New York, NY, and S. Vincini, Georgetown University Medical Center, Washington, DC) using the Amaxa Nucleoporator. With this method, efficiency is typically 50 -80% and for many neurons the level of expression is within about two times endogenous protein levels (assessed by immunocytochemistry). Published work supports that, within this range, these exogenous proteins are unlikely to alter the progression of synapse formation or function (Bresler et al., 2001; Renger et al., 2001; Graf et al., 2004) . Neurons, immersed in imaging media described above, were imaged (DIC and fluorescence) using the 40ϫ objective (NA 1.3) on a Zeiss LSM510 confocal microscope, after exposure to vehicle or protein synthesis inhibitors.
Local protein synthesis inhibition. To apply protein synthesis inhibitors locally, we used an approach described previously by Lohof et al. (1992) to generate local guidance cue gradients. A picospritzer (BTX; Genetronics) was used to eject aniso (80 g/ml) from pipettes with a tip diameter of ϳ1 m, for 200 ms every 10 s, for 45 min. Based on data from Lohof et al. (1992) , a total volume of about ϳ4 pl was delivered into a bath volume of 2.5 ml, making the bath an infinite sink that does not accumulate an effective drug concentration. Lucifer yellow (50 M; Invitrogen) was included in the pipettes with aniso to visualize at the end of the experiment the area affected by aniso. DIC images were also taken at the beginning and end of the experiments to assess neuron health. Experiments were performed on a Nikon Diaphot300, and images were taken using a Hamamatsu ORCA ER camera.
Pharmacological manipulations. CaMKI/II activity was inhibited using N- [2-[N-(4-chlorocinnamyl)-N-methylaminomethyl] phenyl]-N-(2-hydroxyethyl)-4-methoxybenzenesulfonamide phosphate salt (KN93) (Hook and Means, 2001; Shi and Ethell, 2006) (10 M; Sigma-Aldrich) applied for 1 h. 2-[N-(4-Methoxybenzenesulfonyl)]amino-N-(4-chlorphenyl)-N-methylbenzylamine phosphate (KN92) (10 M; SigmaAldrich), an inactive analog of KN93, was used as negative control. The selective CAMK kinase (CaMKK) antagonist 7-oxo-7H-benzimidazo[2, 1-a]benz [de] isoquinolone-3-carboxylic acid (STO-609) (Sigma-Aldrich; 2.5 M) was also used as previously described and characterized in hippocampal neurons (Wayman et al., 2004) . The cAMP analog adenosine 3Ј,5Ј-cyclic monophosphorothioate, Rp isomer (Rp-cAMPS) (100 M; BioLog Life Science Institute), applied for 1 h, was used as a PKA inhibitor. The stearated cell-permeable Ht31 peptide (St-Ht31) (50 M; Promega) was used to inhibit interactions between PKARII and A-kinase-anchoring protein (AKAP). The Ht31 peptide contains an amphipathic helical domain, similar to that used by all known AKAPs to bind to RII subunits. It acts as a competitive inhibitor (Carr et al., 1992a) . Stearated, membrane-permeable, versions of the peptide have been characterized and used in a wide variety of cell types (Vijayaraghavan et al., 1997; Oliveria et al., 2007) , including dissociated hippocampal neurons (Snyder et al., 2005) . A second stearated peptide (St-Ht31P) (50 M; Promega) that has two isoleucines in Ht31 replaced with prolines and does not bind RII was used as a control. The mechanism by which stearated peptides gain entry into neurons has not been determined, but they are thought to intercalate with and be retained at the plasmalemma (Carr et al., 1992b; Kole et al., 1996; Klussmann et al., 1999) . The stearated moieties did not appear to contribute nonspecifically to the outcomes observed in the current study as St-Ht31p had no detectable effect on synaptic vesicle recycling. To inhibit proteasome-mediated degradation, neurons were treated with the cell-permeable irreversible proteasome inhibitor clasto-lactacystin ␤-lactone (Dick et al., 1996) (10 M in DMSO; Sigma-Aldrich).
Small interfering RNA-and short hairpin RNA-mediated knockdown. CAMKII␣ was knocked down using two different approaches. In the first 100 nM of a pool of four short interfering RNAs (siRNAs) targeting rat CaMKII␣ (Accell siRNA SMARTpool; Thermo Scientific Dharmacon). Accell siRNAs are annealed, dsRNA oligos with 3Ј-UU overhangs, a 5Ј-P on the antisense strand (Elbashir et al., 2001) , and have been modified for efficient uptake in the absence of transfection reagents. The SMARTpool is a group of four siRNAs that have been screened to reduce a variety of potential off-target effects including the inclusion of miRNA (microRNA)-like seed motifs and the possibility that the sense strand will be taken into the RNA-induced silencing complex (Lin et al., 2005; Birmingham et al., 2006) . Having four siRNAs reduces the effective concentration of each individual siRNA, further reducing the potential for offtarget effects (Jackson et al., 2003; Semizarov et al., 2003; Echeverri and Perrimon, 2006) . As a positive control, we assessed knockdown of GAPDH using Accell rat GAPD control pool (four siRNAs), and as a negative control, we used a nontargeting Accell pool consisting of four siRNAs, each of which contains at least four mismatches to any human, mouse, or rat gene and has been microarray tested. In the second, four different short hairpin RNAs (shRNAs) targeting CaMKII␣ and a control shRNA were obtained from SABiosciences. The shRNAs were expressed under a U1 promoter and a GFP reporter, under a CMV promoter from the same vector. Neurons were transfected using the AMAXA electroporator, mixed in a 2:1 ratio with untransfected neurons, and analyzed after 7 div. Effectiveness of the shRNA knockdown was assessed by Western blot, and shRNA1 was found to be most effective (supplemental Fig. 8 , available at www.jneurosci.org as supplemental material).
Statistical analysis. Data were exported to Excel or Prism and differences between groups were assessed using Student's t test for two groups or ANOVA for three or more groups followed by Bonferonni's post-tests. Numbers and specific tests are indicated in the figure legends.
Results

Translation inhibition reduces synaptic vesicle recycling
We used an FM dye (FM4-64) to label presynaptic terminals so that we could track location and monitor function of the same terminals over several hours. Using the protocol outlined in Figure 1a, 1-week-old cultured hippocampal neurons were exposed to imaging media for 2 h, and presynaptic terminals were then loaded with FM4-64, by stimulating neurons with 60 mM KCl for 2 min (Betz et al., 1996; Harata et al., 2001) . Numerous sites, heterogeneous in size, decorated the cell bodies and dendrites of neurons (Fig. 1b) . Neurons were then stimulated again for 2 min in the absence of dye, and an image was taken (Fig. 1b) . As expected, nearly all labeling was lost as dye-filled vesicles fuse with the membrane.
Aniso was then added for 2 h (a time chosen based on outcomes observed in pilot studies that covered a range from 1 to 24 h) after which terminals on the same neuron were reloaded
with FM dye (Fig. 1b,c ; supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). The overall pattern of labeled terminals was similar to what was observed before aniso, but intensity was decreased by 40% (Fig. 1b,c) . Even more striking, when neurons were stimulated in the absence of dye, intensity decreased only modestly and the dye appeared trapped in most terminals (Fig. 1b) .
To ensure that these changes were not simply attributable to diminished health or a rundown in activity over time, we asked whether FM dye loading recovers after washout of the inhibitor. Four hours after washout, intensity of FM dyeloaded terminals returned to control values ( Fig. 1b,c ; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Aniso rapidly inhibits new protein synthesis, but it can also have additional, unrelated effects (Alberini, 2008) . To address this, we performed a parallel set of experiments using cyclo, which blocks translation by a different mechanism (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) (Raff et al., 1993; Cano et al., 1994; Zinck et al., 1995; Alberini, 2008) . Cyclo treatment yielded outcomes indistinguishable from aniso ( Fig. 1c) . Thus, protein synthesis inhibition alters synaptic vesicle recycling.
To understand the relationship between protein synthesis and vesicle recycling in greater detail, we measured the kinetics of vesicle release after dye loading by acquiring images every 2 s while stimulating neurons with high KCl in the absence of dye. FM dye release was almost completely prevented in young neurons exposed to either aniso or cyclo (Fig. 1d) , but 4 h after washout, vesicle recycling showed a near-complete recovery (Fig.  1d ). The retention of dye during unloading coupled to the decreased intensity after uptake suggest that the predominant effect of protein synthesis inhibition on presynaptic terminals is to reduce the number of vesicles available to fuse with the membrane.
Postsynaptic function unaltered by protein synthesis inhibition
Protein synthesis inhibition impairs presynaptic function, but it may be that this occurs in response to the loss of postsynaptic function. To assess postsynaptic function, we performed whole-cell patchclamp recordings in the presence of TTX in young neurons that had been exposed to vehicle or aniso for 2 h. Consistent with previous work, the overall level of synaptic activity was low (Gomperts et al., 2000; Mozhayeva et al., 2002) , but the amplitude of miniature EPSCs (mEPSCs) was similar in vehicle and aniso-treated neurons (Fig. 2a) . mEPSC frequency was also similar, suggesting that the readily releasable pool of docked synaptic vesicles is preserved (Mozhayeva et al., 2002) . The consistent amplitude indicates that postsynaptic receptors are present on the surface, functional, and not detectably altered by protein synthesis inhibition.
Since FM dye experiments showed that protein synthesis inhibition decreased the available vesicle pool, postsynaptic responses after higher frequency stimulation would be expected to be reduced by protein synthesis inhibition. To test this, we recorded spontaneous currents under voltage clamp (V h ϭ Ϫ70 mV) in the absence of TTX in neurons exposed to either aniso or vehicle. In some neurons, we recorded spontaneous burst-like activity-a barrage of synaptic events within a short period of time (Fig. 2b) . The duration and mean amplitude of bursting activity were markedly reduced in aniso-treated neurons, whereas the peak amplitude was similar to control neurons (Fig. 2b) . These changes are consistent with a reduction in the available pool of vesicles in that presynaptic glutamate release cannot follow sustained incoming action potentials propagating through the culture network. However, they could also result from an aniso-induced decrease Figure 1 . Protein synthesis inhibition reduces vesicles available for exocytosis. a, Outline of approach used to track changes in FM dye uptake and release before and after exposure to protein synthesis inhibitors. b, Confocal images, displayed using a lookup table in which warmer colors are most intense, illustrate the reduction in FM dye uptake and near absence of dye release (unload) that is observed in young neurons exposed to aniso for 2 h relative to vehicle (veh; DMSO) control. Four hours after washout, dye intensity after loading is similar to vehicle, and release values approach control levels. c, Bar graph plots the change in FM dye fluorescence intensity after 2 h aniso, 2 h cyclo, or a 4 h washout period relative to vehicle control. Both aniso and cyclo significantly decrease FM dye intensity after loading. Recovery is complete after washout. d, The change in fluorescence intensity as FM dye is exocytosed from synaptic vesicles in response to stimulation is plotted over 120 s after 2 h vehicle (black), and then 2 h aniso (red) or cyclo (green), and 4 h after aniso washout (black) in young neurons. Images were taken approximately every 2 s. Data are based on 74 Ͻ n Ͻ 112 FM dye sites for each condition (taken from at least 4 neurons from 2 separate cultures). Groups in c were compared using repeated-measures ANOVA and Tukey's post-test. Groups in d were compared using paired t tests. The asterisks represent statistical significance with respect to control: *p Ͻ 0.05; **p Ͻ 0.001; ***p Ͻ 0.0001. DIC images of neurons exposed to the same treatment paradigms are shown in supplemental Figure 2 ( 
in neuronal excitability by, for example, altering sodium channel density that would prevent neurons from sustaining spiking activity. To test this, we compared neuronal excitability in neurons treated with aniso or vehicle by injecting depolarizing current and counting the number of action potentials generated. There were no differences between groups (supplemental Fig. 3 , available at www.jneurosci. org as supplemental material). Together, these findings support that protein synthesis inhibition decreases the pool of vesicles available for release. They also indicate that an FM dye-mediated reduction in vesicle fusion events that can be detected with modest stimulation protocols (Zhu and Stevens, 2008) is not confounding the protein synthesis-mediated changes in vesicle availability observed here. Stimulation protocols incorporating series of bursts such as those observed spontaneously (above) can induce LTP, and thus, our findings in culture would predict that protein synthesis inhibition would also affect the induction of LTP in young slices. In hippocampal slices taken from P6 rats, none of the slices treated with aniso showed LTP in CA1, whereas LTP was induced in 73.3% of the control slices [aniso-treated, 101.6 Ϯ 1.9% (n ϭ 13); control, 127.7 Ϯ 5.8% (n ϭ 15); 15 min after tetanus; p Ͻ 0.05] (Fig. 3c) . Basal synaptic transmission was unaffected by aniso, and no differences were found in the input-output curves obtained from control and anisotreated hippocampal slices (slopes, 0.16 Ϯ 0.09, n ϭ 15, vs 0.15 Ϯ 0.11, n ϭ 13; t test, p Ͼ 0.5). These data indicate that protein synthesis can regulate synaptic function in an intact network of young synapses. Additionally, they underscore differences between developing and mature circuits, in which protein synthesis is dispensable for LTP induction, but essential for LTP maintenance (Frey et al., 1988; Huang et al., 1996) .
Translation blockade selectively impairs the recycling pool, leaving RRP intact
Whole-cell recording experiments show normal mEPSCs after 2 h of protein synthesis inhibition, suggesting that the RRP is intact. To confirm this, we measured FM dye uptake stimulated by hypertonic shock (500 mM sucrose) (Rosenmund and Stevens, 1996) . In control conditions (media Ϯ vehicle), the pool of vesicles labeled was ϳ30% the intensity of that labeled by KCl stimulation (Fig. 3a) . After 2 h aniso, sucrose stimulation yielded intensity values indistinguishable from controls (Fig. 3a) . These data support that the small population of vesicles associated with the RRP can function normally after protein synthesis inhibition.
Activity exacerbates the impact of protein synthesis inhibitors
The FM dye experiments suggest that activity exacerbates the impact of protein synthesis inhibition on vesicle availability: dye uptake, in which we used a single round of strong stimulation to load the available vesicles, was modestly reduced, but dye release, which follows two rounds of strong stimulation (one to load and one to unload) was nearly prevented. Thus, it would be anticipated that, after exposure to protein synthesis inhibitors, a strong stimulus would disable vesicle replenishment such that few vesicles would be able to fuse and internalize dye during a second stimulus. To test this, after 2 h of aniso, neurons were prestimulated with high KCl for 2 min in the absence of dye, and then after 10 min, loaded with FM dye using high KCl. Prestimulation reduced FM dye uptake after aniso relative to vehicle treatment by Ͼ70% (vs 40% with no previous stimulation) (Fig. 3b) . Four hours after washout of the inhibitor, KCl-mediated uptake recovered to control values. Thus, the protein synthesismediated decrease in recycling vesicles is exacerbated by activity and consistent with a reduction in vesicle mobilization from a recycling pool to the releasable pool.
These findings could also be explained or accompanied by a decrease in the total number of vesicles. To address this latter possibility, we determined the size and intensity of clusters labeled for SV2, an intrinsic synaptic vesicle protein, in young neu- No effect of protein synthesis inhibition on postsynaptic activity. a, Miniature EPSCs were not altered in neurons treated with aniso. mEPSCs were recorded from neurons treated with either vehicle or aniso for 2-4 h at 37°C. Sample traces (top) and quantification (bottom) showed no significant changes in either amplitude or frequency of mEPSCs. b, Duration and area of spontaneous bursts were reduced in neurons treated with aniso, but there was no change in the peak amplitude or frequency. *p Ͻ 0.05; **p Ͻ 0.01. c, The potentiation in field EPSP slope induced by high-frequency tetanic stimulation was blocked by aniso (20 M; bar indicates the period of application) in slices from P6 rats [number of animals, 9; number of slices, 15 (control) and 13 (aniso); error bars indicate SD]. Inset, Representative EPSP traces were recorded before tetanus (1), 15 min after tetanus (2); before (3) and 15 min after tetanus (4) in the presence of aniso. Calibration: 10 ms, 0.2 mV. amp, Amplitude; ctrl, control.
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rons exposed to vehicle, aniso, or cyclo. The area and intensity of SV2 clusters were significantly reduced in response to either inhibitor (45, 38% of vehicle, respectively) with little change in overall levels ( Fig. 3c,d ; supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). Collectively, the data suggest that vesicle mobilization and pool size are both reduced by protein synthesis inhibition.
Mature synapses are resistant to protein synthesis inhibition
To determine whether the effects of protein synthesis inhibition are unique to immature synapses, we assessed the impact of aniso and cyclo on presynaptic function in 18-to 21-d-old (mature) neurons (Fletcher et al., 1991; Papa et al., 1995; Zhang and Benson, 2001; Mozhayeva et al., 2002) using FM dye. In mature neurons exposed to either aniso or cyclo, FM dye loading was slightly, but insignificantly reduced relative to controls (Fig.  3e,f ) . Release kinetics were indistinguishable from vehicle-treated controls (Fig.  3g) . These data indicate that synapses on young neurons are far more vulnerable to altered levels of protein synthesis. Generally, FM dye-labeled terminals in young neurons are smaller than those in mature neurons (Zhang and Benson, 2001; Mozhayeva et al., 2002; Mohrmann et al., 2003) . With this in mind, we asked whether large FM dye sites might be more resistant to the effects of protein synthesis inhibitors, independent of the age of the neuron. We plotted the percentage change in FM dye site intensity that occurs after protein synthesis inhibition versus site area (assessed at the start of the experiment) in young and mature neurons. At both ages, below a threshold, uptake decreases progressively as sites be- Figure 3 . Translation supports vesicle recruitment during high demand in small terminals. a, Bar graph plots FM dye loaded in response to hypertonic sucrose (Suc) (500 mM). As expected, the sucrose-loaded pool is ϳ30% of the KCl-loaded pool. Aniso treatment does not affect uptake in this pool. A total of 151 sites was analyzed over three separate experiments. b, Bar graph compares FM dye loading after vehicle or aniso treatment and two rounds of KCl stimulation separated by 5 min. Intensity is greatly reduced relative to vehicle and after a single round of stimulation (compare Fig. 1c ). Levels recover 4 h after aniso washout (postwash). A total of 114 sites was analyzed over four separate experiments. c, d, Bar graphs show large and significant decreases in area (c) and intensity (d) of SV2-immunolabeled clusters in neurons that were fixed and labeled after exposure to the agents indicated (examples of the data are shown in supplemental Fig. 4 , available at www.jneurosci. org as supplemental material). Data were sampled from least five neurons in each of three different cultures. e-g, Confocal images (e) and graphs (f, g) show that neither FM dye loading nor the kinetics of its release are detectably altered in mature neurons after exposure to aniso or cyclo for 2 h. h, Scatter plots and best-fit logarithmic curves of FM dye loaded are presented as a function of FM dye site area. FM dye-labeled terminals in young neurons treated with aniso are plotted in red, and mature, in black. The bottom plot is an expanded version of the range indicated in the top plot and shows that small terminals in young and mature neurons respond similarly to aniso. i, j, Intensity values from young (i ) and mature (j) cultures were divided into two groups based on the distribution of site sizes in young and mature neurons. Seventy-five percent 4 of FM dye sites in young neurons were Ͻ15 pixel 2 , whereas only 8% of mature sites fall in this range. Thus, small sites are defined as Յ15 pixel 2 (ϭ1.35 m 2 ) and large as Ͼ15 pixel 2 . Comparing these groups shows that fluorescence (fl.) intensity at small sites is significantly reduced (by ϳ50%) after protein synthesis inhibition (black; A., aniso; C., cyclo) relative to vehicle controls (V., vehicle) in both young (i) and mature (j) neurons. The large sites show a modest decrease in young neurons and no change in mature neurons. Groups were compared using repeated-measures ANOVA and Tukey's post-test (a, b, f), one-way ANOVA and Bonferroni's test (c, d), or paired t tests (i, j). The asterisks represent statistical significance with respect to control at *p Ͻ 0.05, **p Ͻ 0.001, and ***p Ͻ 0.0001. DIC images of neurons exposed to the same treatments are shown in supplemental Figure 2 ( (Fig. 3h) . In fact, when the scale covering the range of small sites is expanded, the effects of protein synthesis inhibitors on both young and mature neurons can be seen to be remarkably similar (Fig. 3h) . Based on the size of FM dye sites in young neurons, we separated the data into "small" and "large" sites (see legend). A comparison of these groups shows that translation inhibition substantially and significantly decreases FM dye uptake at small sites in both young and mature neurons (Fig. 3i,j) . Thus, small FM dye sites, more abundant in young neurons, are particularly vulnerable to protein synthesis inhibition, whereas large sites, more abundant in mature neurons, can maintain their synaptic vesicle recycling pool independent of a continuous supply of new protein.
Protein synthesis is required to maintain synapses
Since protein synthesis inhibition reduces presynaptic function, we asked whether it might also impact synapse stability. Using the FM dye loading/unloading paradigm outlined in Figure 1a , we first asked whether recycling sites identified after incubation in imaging media are lost, or cease internalizing detectable amounts of FM dye (fluorescence intensity ϭ 0), after exposure to aniso. These sites were excluded from our previous analyses. Two and one-half percent of all recycling sites and 3% of small sites identified at the start of the experiment were lost after 2 h in vehicle. In contrast, 12% of all recycling sites and Ͼ15% of small sites were lost after 2 h aniso or cyclo (Fig. 4a) . Four hours after washout, 89% of the sites that were lost remained uninhabited, suggesting that the sites were truly absent and not simply below the threshold of detection. In mature neurons exposed to translation inhibitors, only small sites were lost (13%) (Fig. 4b) . These data suggest that protein synthesis inhibition either silences (Ma et al., 1999) or eliminates small presynaptic terminals in young and mature neurons.
To distinguish between these possibilities, we identified vesicle recycling sites in vehicle or aniso-treated young and mature neurons at t ϭ 0 and 2 h using FM dye, and then labeled, post hoc, for a presynaptic vesicle marker, synaptophysin (Spy), found in all presynaptic vesicles. After vehicle treatment, nearly all FM dye sites could be seen overlapping Spy-labeled clusters (98% in young and mature neurons) (Fig. 4c , yellow arrows; supplemental Fig. 5 , available at www.jneurosci.org as supplemental material), and many coincided with Shank-labeled clusters (Fig. 4c) . Two hours after aniso exposure, nearly all FM dye sites that were lost also lack Spy and Shank (91% young; 97% mature) (Fig.  4d, blue arrows; supplemental Fig. 5a , available at www.
jneurosci.org as supplemental material). Thus, terminals are not silent; they are lost.
Are the terminals that are lost bona fide synapses? We restricted our analyses to FM dye-labeled sites apposing cell bodies and dendrites, but it is possible that the terminals that are lost are related to the nonsynaptic "orphan" FM dye sites observed in isolated axons (Krueger et al., 2003) or the synaptic transport vesicle clusters that have been observed to pause for up to 3 min before moving again in isolated axons (Sabo et al., 2006) . To address , Post hoc immunostaining for FM dye sites indicates that the most stable FM dye sites are also synaptic and that sites that are lost also lack synaptic vesicle and postsynaptic markers. Terminals in vehicle-treated young neurons (c) were labeled with FM dye at 0 and 2 h, fixed, and immunostained post hoc for Spy or Shank. There is a very high correspondence between FM dye-labeled sites (green) and Spy-labeled sites (blue). Shank (red) is not a universal marker of postsynaptic sites, but notably, it is apposed to both small (yellow arrows) and large Spy and FM dye-labeled sites. In the same paradigm, aniso-treated neurons lose FM dye sites (d). There are some sites that remain associated with Spy or Shank (yellow arrows), but FM dye sites that are lost also do not label for Spy or Shank (blue arrows). e, Quantitative analysis of the density of Shank clusters or NR1 clusters apposed to presynaptic Spy-labeled clusters along a length of dendrite (images of this and post hoc label in mature neurons in supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). After 2 h aniso treatment, there is a significant reduction in both groups. Quantification is based on data from 20 to 33 dendrites per condition taken from at least 10 different neurons in two separate cultures. Groups were compared in two-tailed unpaired t tests. The asterisks represent statistical significance with respect to control at **p Ͻ 0.007. Error bars indicate SEM. 
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these possibilities, we determined the density of Spy-labeled terminals apposed to clusters of a postsynaptic scaffolding protein, Shank/ ProSAP, common to many excitatory synapses, or NMDAR1 (NR1), the obligatory subunit of the NMDA receptor. In neurons challenged with aniso, there were significantly fewer Spy/Shank and Spy/NR1 appositions (Fig. 4e) . The loss of presynaptic to postsynaptic appositions and stable recycling FM dye-labeled sites indicates that synapses are eliminated.
Local translation inhibition similarly reduces presynaptic function
Certain proteins can be translated locally, near sites at which they are needed, and this mechanism is essential for certain forms of synapse plasticity and synaptogenesis in invertebrates (Schacher and Wu, 2002; Lyles et al., 2006; Sutton and Schuman, 2006) . Its relevance for developing mammalian synapses is unknown. We asked whether focal application of protein synthesis inhibitors would detectably reduce presynaptic function in young neurons as much as global application does. FM dye-labeled sites were identified, and a local gradient of aniso was generated over a region of dendrites and axons that was lacking cell bodies by taking advantage of a well established protocol used in growth cone turning assays over comparable time frames (Lohof et al., 1992; Zheng et al., 1994) . A picospritzer was used to deliver repetitively sub-picoliter volumes of aniso along with a dye to mark the affected area into a culture volume of 2.5 ml. Outside the delivery zone, the bath acts as an infinite sink and does not accumulate an effective drug concentration (Fig. 5a ) (see Materials and Methods).
After 45 min, FM dye uptake was diminished significantly and release, nearly prevented within the marked zone (inside) relative to sites outside, including those near cell bodies (Fig. 5b) 
Rapid turnover makes CaMKII kinase a target for protein synthesis inhibition
Protein synthesis inhibition greatly reduces the pool of vesicles available for exocytosis-findings that resemble vesicle recycling defects at CNS synapses lacking synapsins or expressing mutant synapsins (Ryan et al., 1996; Menegon et al., 2006; Sun et al., 2006) . Phosphorylation at site 3 (p-site-3; ser603) on synapsin by CaMKII dissociates synapsin I from vesicles and F-actin (Hilfiker et al., 1999) . In young neurons, within 10 min of translation inhibition, levels of p-site-3 synapsin dropped significantly relative to total synapsin I, which remained stable. By 2 h, levels were decreased by 80% (Fig. 6a) . In parallel, CaMKII␣ levels dropped by 10 min, and this was even more pronounced at 2 h (ϳ74%) (Fig. 6b) . Levels of phospho-CaMKII␣ (thr286; p-CaMKII␣), which can act independent of calcium (Miller et al., 1988; Schworer et al., 1988; Thiel et al., 1988) , also decreased, but the ratio of pCaMKII␣/CaMKII␣ is maintained indicating that the decrease in pCaMKII␣ resulted from the decrease in total CaMKII␣.
Phosphorylation at site 1 (p-site-1; ser9) on synapsin I by CaMKI or PKA can also dissociate synapsin I from vesicles (Hilfiker et al., 1999) . In young neurons, levels of p-site-1 synapsin and CaMKI were unchanged 10 min after protein synthesis blockade, but decreased significantly at 2 h (ϳ39 and ϳ50%, respectively) (Fig. 6c,d) .
In mature neurons, levels of synapsin I, p-synapsin I (sites 1 and 3), CaMKI, CaMKII␣, and p-CaMKII␣ were unchanged after exposure to aniso or cyclo for 10 min or 2 h (supplemental Fig.  6 , available at www.jneurosci.org as supplemental material), indicating that CaMKI and CaMKII␣ levels become more resistant to the effects of protein synthesis blockade.
We used immunostaining to determine where within neurons CaMKII␣ levels decrease. In untreated neurons, CaMKII␣ was distributed heterogeneously in axons (arrowheads) and dendrites (arrows), showing enhanced levels at sites with synaptophysin clusters (Fig. 6e) . After 2 h protein synthesis inhibition, CaMKII␣ levels diminished throughout axons and dendrites, and its correlation with synaptophysin clusters decreases (Fig. 6f) .
The speed with which CaMKII␣ is lost in young neurons after protein synthesis inhibition indicates that it is degraded rapidly. To assess whether it is also rapidly synthesized, we 
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exposed young neurons to the cell-permeable, irreversible proteasome inhibitor clasto-lactacystin ␤-lactone for 2 h, and immunolabeled for CaMKII␣. After proteasome inhibition, there was a 75% increase in the average intensity for CaMKII␣ when compared with vehicle controls (unpaired, two-tailed t test, p Ͻ 0.001) (Fig. 6g,h ). Thus, CaMKII␣ undergoes rapid synthesis and degradation.
CaMKII regulates presynaptic activity
Since CaMK levels decrease rapidly in response to protein synthesis inhibition in young neurons, we asked whether CaMK activity regulates vesicle recycling similar to protein synthesis inhibition. To test this, we exposed young neurons to KN93, a selective inhibitor for CaMKI and -II (Hook and Means, 2001) , to KN92, an inactive structural analog, or to vehicle, and assessed FM dye recycling. Similar to what we observed after protein synthesis inhibition, neurons exposed to KN93 showed a significant reduction in FM dye uptake (Fig.  7a,c) , small sites were more strongly affected than large sites (Fig. 7e,g ), and FM dye release was greatly reduced (Fig. 7a,d , f ). Additionally, 11% of all recycling sites and 16% of small sites were lost, similar to the losses observed after protein absent by 2 h. p-CaMKII␣ shows a similar pattern. c, d, P-site-1 synapsin I levels decrease at 2 h coincident with the decrease in total CaMKI levels (tubulin was used as a loading control). e, Immunolabeling indicates that CaMKII␣ is heterogeneously distributed in axons (blue arrowheads) and dendrites (yellow arrows) and at higher magnification at right. The distributions of CaMKII labeling (green in overlay and top panel) positively correlates with synaptophysin labeling (magenta in overlay and middle panel) (R value is indicated). f, CaMKII␣ levels diminish throughout neurons after protein synthesis inhibition (labeling as in e). Although the distributions of CaMKII␣ and synaptophysin remain correlated, the correlation decreases. g, h, Confocal images show that 2 h proteasome inhibition (10 M clasto-lactacystin ␤-lactone)leadstoa75%increaseintheaverageintensityofCaMKII␣immunolabelingthroughoutneurons.ForWesternblots,quantitativedataareaveragesfromthreeseparatecultures(nϭ3).Groupswere compared using a one-way ANOVA and Bonferroni's post-test: *p Ͻ 0.05, ***p Ͻ 0.001 relative to vehicle control. Error bars indicate SEM. For analysis of codistribution, Pearson's correlation coefficient was calculated based on line scans drawn through dendrites from at least nine neurons per condition. . CaMKII␣ regulates vesicle availability in young neurons. a, Confocal images show FM dye uptake (left column) and release (right column) in the same young neuron after 1 h vehicle (toprow),after1hKN92(middle),andafter1hKN93(bottomrow).KN93reducesuptakeandgreatlyreducesrelease,similartoproteinsynthesisinhibition.b,ConfocalimagesshowFMdyeuptake(leftcolumn) and release (right column) in the same young neuron at t ϭ 0 (top row), after 6 h si-NT (nontargeting, negative control siRNA; middle), and after 6 h si-CaMKII (siRNAs targeting CaMKII␣; bottom row). c, Quantitative analysis of the intensities of all FM dye sites after loading shows that CaMKI/II inhibition with KN93 decreases FM dye uptake relative to KN92 (control) or vehicle alone. siRNA-CaMKII similarly decreases uptake when compared with negative control. PKA inhibition with RpcAMPS also reduces dye uptake, but the magnitude is less. 
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synthesis inhibition, and substantially greater than after KN92 (2%) (Fig. 7h) . Thus, CaMK inhibition regulates vesicle pool availability and the maintenance of presynaptic terminals in a manner that closely resembles protein synthesis inhibition. KN93 inhibits both CaMKI and CaMKII activity. To determine which kinase accounts for the protein synthesis-mediated decreases in presynaptic function, we used two approaches. First, we examined FM dye uptake and release in young neurons exposed to STO-609, a selective antagonist of CaMKK, the upstream activator of CaMKI (Tokumitsu et al., 2002) . We observed no differences relative to vehicle controls (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material) suggesting that CaMKII is the principal target for KN93-triggered deficits in presynaptic function.
In the second approach, we used Accell siRNAs, which enter cells in the absence of transfection reagents, to knock down CaMKII␣ levels. In control experiments, CaMKII␣ siRNAs greatly diminished CaMKII␣ immunostaining in neurons within 6 h, a time frame that is consistent with the rapid turnover of the kinase (supplemental Fig. 8a , b, available at www.jneurosci.org as supplemental material). We then exposed neurons to a negative control pool of siRNAs for 6 h, loaded and unloaded FM dye, and compared the values to baseline (t ϭ 0). The control siRNAs produced no significant changes in recycling (Fig. 7b,c,f ) . After 6 h exposure to CaMKII␣ siRNAs, the dye intensity after loading was reduced and, after unloading, increased relative to the control siRNA (Fig. 7b,c,f ) . Thus, altered presynaptic terminal function after CaMKII␣ knockdown is virtually identical with that observed after KN93, and together, the data strongly support that protein synthesis inhibition mediates its effects on presynaptic terminals by decreasing CaMKII availability (Fig. 7c,f ) .
Presynaptic CaMKII can regulate presynaptic function
Sustained postsynaptic overexpression of constitutively active and inactive forms of CaMKII␣ can retrogradely regulate presynaptic function via homeostatic mechanisms, but in these circumstances postsynaptic responses are altered as well (Wu et al., 1996; Haghighi et al., 2003; Pratt et al., 2003) . Protein synthesis inhibition does not alter postsynaptic responses (Fig. 2) , suggesting that presynaptic CaMKII is the more likely functional target for protein synthesis inhibition. It is well established that presynaptic CaMKII␣ can regulate vesicle release directly (Llinás et al., 1985) . To determine the contribution of endogenous presynaptic CaMKII␣ to presynaptic function in young neurons, we selectively knocked down CaMKII␣ levels by expressing GFP and shRNAs targeting CaMKII␣ or a control shRNA in a small population of neurons (supplemental Figs. 8c, 7i , available at www.jneurosci.org as supplemental material) (see Materials and Methods). The intensity of FM dye was then assayed in GFP-labeled axons at sites contacting untransfected dendrites after loading and unloading, and the ratio of the values (unload/load) was used to compare across neurons. In neurons expressing control shRNAs presynaptically, FM dye uptake and release were similar to untransfected neurons: dye intensity achieved after uptake was reduced by ϳ80% after unloading (Fig. 7j,k) . After presynaptic knockdown of CaMKII␣, there was a significant increase in the ratio, and decreased dye release was the principal contributor to this difference (Fig. 7j,k) . Postsynaptic knockdown of CaMKII␣ also significantly increased the ratio as expected (supplemental Fig. 8d ,e, available at www.jneurosci.org as supplemental material). These data indicate that decreased presynaptic CaMKII␣ levels can directly impact presynaptic terminal function.
CaMKII and PKA act differentially at small and large sites Work in more mature neurons suggests that PKA plays a more prominent role regulating synapsin and presynaptic function than CaMKII (Menegon et al., 2006) . To determine the contribution of PKA to vesicle recycling in young neurons, we assayed FM dye uptake and release in the presence of a PKA inhibitor, Rp-cAMPS. Neurons exposed to Rp-cAMPS showed reduced FM dye uptake, and the degree of reduction was similar to that seen in neurons exposed to KN93 (Fig. 7c) . However, when the data are plotted as a function of puncta area, it can be seen that Rp-cAMPS targets large FM dye sites, whereas KN93 targets small ones (Fig. 7, compare l, m with e, g ). In the presence of Rp-cAMPS, release was also reduced, but the magnitude was far less than in neurons exposed to KN93 (Fig. 7f ) . Thus, CaMKII activity predominates regulation at small terminals, whereas PKA activity predominates at large terminals.
PKA is anchored by AKAPs at large sites
Since PKA is present in neurons at all of the stages we examined (Hudmon et al., 2005; Menegon et al., 2006) , we asked what could account for its differential actions at small and large presynaptic terminals. A likely possibility lies with the mechanisms responsible for PKA localization. AKAPs bind PKA regulatory subunits, and by tethering the kinase in distinct cellular compartments, serve to impart spatial and temporal specificity (Wong and Scott, 2004) .
We asked whether the large terminals, which are more sensitive to PKA inhibition, are better able to recruit and retain PKA via AKAPs. To test this, we assayed FM dye uptake and release in young neurons after exposure to St-Ht31, a stearated (and permeable) peptide that competitively antagonizes PKA anchoring by mimicking an ␣-helical domain used by all known AKAPs to bind PKA subunits, or to a similarly modified control peptide (Vijayaraghavan et al., 1997) . When the data from all labeled sites were analyzed together, the blocking peptide (St-H31) showed a modest effect on uptake and release similar to what is observed after PKA inhibition (Fig. 8a ) (15% reduction in uptake and a 4 (Figure legend continued. ) kinetics over 120 s after vehicle, KN92, or KN93. KN93 nearly prevents release. e, Scatter plots and best-fit curves of FM dye uptake as a function of FM dye site area after KN92 (blue) and KN93 (gold). f, Dye intensities after FM dye unloading under the conditions indicated. CaMK inhibition and knockdown greatly diminish dye release and PKA inhibition has a lesser impact. g, After CaMK inhibition, small sites account for the decreased dye uptake observed in the total population. Large sites do not change relative to KN92-treated controls. h, The percentage of FM dye sites eliminated in response to KN93 is very similar to that in response to translation blockade (Fig. 4a) . i-k, Confocal and DIC overlay image shows GFPlabeled (and shRNA_1-expressing) axons contacting an unlabeled cell body and dendrites. Accompanying graph shows that either presynaptic CaMKII␣ knockdown with any of three shRNAs (supplemental Fig. 8 , available at www.jneurosci.org as supplemental material) increases the ratio I unloading /I loading significantly relative to shRNA_con. Comparisons of loading and unloading intensity values taken from a subset of the data (k) show the increased ratio is attributable principally to an increase in unloading intensity. l, m, A scatter plot and best-fit curve of FM dye loaded as a function of FM dye site area after PKA inhibition (red) shows that the decrease in FM dye loading (l) becomes greater as sites become larger-the inverse of KN93 (compare with e). The bar graph illustrates the magnitude and significance of this difference (m). Data are based on 78 Ͻ n Ͻ 100 FM dye sites for each condition (from at least 4 neurons and 2 separate cultures) for CaMKI/II inhibition, n ϭ 236 for siRNA inhibition (3 neurons, 2 separate cultures), and n ϭ 116 sites (from at least 4 neurons from 2 separate experiments) for PKA inhibition. Groups were compared using repeated-measures ANOVA and Tukey's post-test (c), one-way ANOVA (j), or paired t tests (siRNA, Rp-cAMPS in c and all others). The asterisks represent statistical significance with respect to control at *p Ͻ 0.05, **p Ͻ 0.001, and ***p Ͻ 0.0001. Error bars indicate SEM. Scale bar, 14.2 m. However, when FM dye uptake was graphed as a function of size, the fitted curve resembled that seen after PKA inhibition (Figs. 8b, 7l ) . Consistent with this pattern, when dye uptake at large and small sites was compared with control values, only large sites showed significantly diminished function (Fig. 8c) . These data indicate that PKA anchoring by AKAPs can mostly account for the prominent PKA actions at large presynaptic terminals. Consistent with this, mature neurons exposed to St-Ht31 showed a significant decrease in FM dye intensity after loading and an increase in dye retention after unloading (Fig. 8d,e) . Large sites account for most of this effect (Fig. 8f,g ), and subsequent addition of Rp-cAMPS yielded no additional changes (Fig. 8d-g ).
These data support that AKAP-anchored PKA has a prominent effect on vesicle recycling at mature terminals and that the absence of an anchoring mechanism at young sites reveals an alternate CaMKII-dependent mechanism that can be controlled by rapid changes in levels of protein synthesis.
Discussion
Here, we report that, after a brief period of protein synthesis inhibition, presynaptic terminals show a decrease in the pool of vesicles available for release, and this effect is exacerbated by activity. Synaptic vesicle clusters decrease in size and synapses are eliminated. The effects can be mediated locally and the severity is inversely proportional to terminal size. A critical target is Figure 8 . Large presynaptic terminals use anchored PKA. a, Confocal images show FM dye loading and unloading in the same young neuron after 2 h in control peptide (St-Ht31p) followed by 2 h in AKAP blocking peptide (St-Ht31). b, Scatter plot and best-fit curve of FM dye loading as a function of FM dye site area after St-Ht31 (black) suggests that uptake decreases with increasing size. c, St-Ht31 decreases FM dye uptake selectively at large sites. d, Confocal images show FM dye loading and unloading (as in Fig. 1a ) in the same mature neuron after 2 h St-Ht31p, followed by 2 h St-Ht31. e, Quantitative analysis of all sites in mature neurons shows that St-Ht31 significantly decreases the intensity of FM dye-loaded terminals. As expected, subsequent Rp-cAMPS treatment has no additional effect, supporting that the two reagents target the same pathway. f, Scatter plot of the percentage control FM dye loaded as a function of terminal size in mature neurons reveals that St-Ht31 (black) targets large terminals. Addition of Rp-cAMPS does not change the shape of the best-fit curve (red). g, Quantitative comparison of large and small sites confirms that FM dye intensity at loaded terminals is decreased mainly at large sites after St-Ht31, and does not further decrease after Rp-cAMPS. Data are based on 136 Ͻ n Ͻ 172 FM dye sites (from at least 4 neurons in 2 separate cultures) for each condition. Groups were compared using paired t tests. The asterisks represent statistical significance with respect to control at *p Ͻ 0.05 and ***p Ͻ 0.0001. Error bars indicate SEM. Scale bar, 14.2 m. 
CaMKII␣. Its levels diminish rapidly in the absence of new synthesis, and we show that smaller terminals depend on the actions of CaMKII to maintain a functional recycling pool. In contrast, larger terminals, more abundant in mature neurons, rely on PKA activity that is anchored by AKAPs. Thus, protein synthesis maintains and regulates CaMKII-dependent functions at young synapses. These data support a novel regulatory mechanism whereby rapid protein turnover coupled with short-term translational silencing provides a means by which certain synapses may be selectively disadvantaged and eliminated (Fig. 9) .
Ongoing protein synthesis maintains the synaptic vesicle recycling pool After addition of protein synthesis inhibitors, there is a selective decrease in the size and function of the recycling pool of synaptic vesicles at small synaptic terminals that leaves the RRP intact. This effect occurs rapidly and at nearly every site in young neurons. The RRP, identified by stimulation with hypertonic sucrose, appears unaffected by protein synthesis inhibition, a finding that is consistent with the maintenance of EPSCs (or minis), which are generated by spontaneous vesicle fusion. The decrease in activity-dependent recycling, vesicle cluster size, altered synapsin function, and depressed postsynaptic responses to bursting activity are most consistent with the interpretation that protein synthesis inhibition prevents the efficient recruitment of a recycling pool of vesicles essential during periods of strong stimulation. Defects in endocytosis may also contribute to the diminished pool size labeled with FM dye, but prolonging the loading period did not increase the labeled pool suggesting that endocytosis is not the principal target. Time lapse imaging of vesicle markers shows small clusters breaking away from the parent cluster, suggesting there is a defect in vesicle anchoring (J. Sebeo and D. L. Benson, unpublished results ). An anchoring defect would also be expected to impact vesicle recruitment and transport toward the active zone producing the "trapped" vesicles that remain in terminals after unloading (Fig. 1) . The preservation of a RRP is consistent with several lines of data demonstrating that vesicle pools can be regulated independently (Pyle et al., 2000; Rizzoli and Betz, 2004) , and also indicates that high-frequency or sustained activity will be most prominently impacted by decreased protein synthesis.
Synapse elimination
Protein synthesis inhibition reduces presynaptic function in the vast majority of small boutons. Twelve percent of these sites are eliminated and are not reestablished over a 4 h recovery period-nearly a fivefold increase over control conditions. The numbers of sites having detectable clusters of presynaptic and postsynaptic proteins are also reduced, indicating that bona fide synapses are lost. In light of this, a decrease in the frequency of mEPSCs might be expected after protein synthesis inhibition, but we observed no significant differences. It appears that mEPSC frequency in young neurons is either too low to reliably detect small changes in numbers, or that most of the events recorded are dominated by large terminals.
To generate appropriate connectivity during development, synapses are both formed and eliminated, but few mechanisms have been identified that destabilize developing synapses. Our data dovetail well with recent experiments demonstrating that sustained (24 h) inhibition of protein synthesis can destabilize even mature mammalian neuromuscular junctions (McCann et al., 2007) , and together they suggest that mechanisms that suppress translation of particular proteins (e.g., microRNAs) or several proteins [e.g., elongation factor regulation, FMRP (fragile X mental retardation protein)], many of which can be regulated locally, help to identify particular synapses for elimination. In the mammalian visual system, members of the complement cascade enable the process of elimination (Stevens et al., 2007) , but their broad distribution suggests additional factors contribute toward selectivity. Consistent with this idea, in Caenorhabditis elegans, an E3 ubiquitin ligase can trigger neuromuscular synapse elimination, but only in the absence of a protective interaction that serves to sequester the ligase (Ding et al., 2007) . These data suggest a model in which suppressing translation may serve to remove such a protective factor.
CaMKII and presynaptic function
We show that, in young neurons, CaMKII␣ levels diminish rapidly when translation is inhibited and rise rapidly in the presence of proteasome inhibitors. Thus, CaMKII␣ is constitutively synthesized and rapidly turned over, providing a seemingly costly, but highly effective means by which its concentration can be tightly controlled. Previous work has highlighted the importance of controlled degradation in the development of Drosophila neuromuscular junction as loss of either of the ubiquitin ligases PHR (Pam/Highwire/RPM) or APC (anaphase promoting complex) leads to synapse overgrowth (DiAntonio et al., 2001; van Roessel et al., 2004) . The studies here demonstrate that a continuous line of new synthesis is equally important, even over short time intervals. This provides a means to rapidly control protein concentration particularly during a stage in development when synapses lack well developed compartments and a full complement of scaffolding proteins that serve to trap, anchor, and accumulate particular proteins. Consistent with this idea, as neurons mature, CaMKII␣ levels rise dramatically (Bayer et al., 1999) , and its accumulation and concentration within postsynaptic densities coincide with an increase in its stability (supplemental Fig. 6,   Figure 9 . Schematic summarizes the impact of protein synthesis on small, young synapses (top) and large, more mature synapses (bottom) after a stimulus. At top, CaMKII is localized in presynaptic terminals and its regulation of synapsin and potentially other vesicle-tethering proteins promotes vesicle migration and exocytosis. After protein synthesis inhibition, some vesicles are lost from terminals, and those that remain (outside of the docked RRP) are anchored and unable to be released. This can lead to synapse elimination. At bottom, AKAPs bring PKA in close proximity to synaptic vesicles, and protein synthesis inhibition does not alter vesicle transit and exocytosis after a stimulus. CaMKII is relegated to a different role.
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available at www.jneurosci.org as supplemental material) (Ehlers, 2003) . Mature presynaptic terminals appear to continue to use turnover as a regulatory mechanism since brief periods of proteasome inhibition in more mature preparations of neurons can enhance vesicle release (Willeumier et al., 2006; Yao et al., 2007) . CaMKII␣ is unlikely to be the only protein responsive to protein synthesis inhibition, but the similarity in outcomes after protein synthesis inhibition, CaMKII inhibition, or knockdown indicates that CaMKII is a key effector. Several studies support that changes in total or postsynaptic CaMKII activity can alter the progression of synaptogenesis. In C. elegans, loss of functional CaMKII results in a decreased density of excitatory postsynaptic sites (Rongo and Kaplan, 1999) . Sustained postsynaptic overexpression of constitutively active CaMKII␣ promotes postsynaptic maturation in Xenopus optic tectum (Wu et al., 1996) and increases synaptic strength and stability in rat cortical neurons (Pratt et al., 2003 (Pratt et al., , 2008 . We show that presynaptic reductions in endogenous CaMKII␣ can also directly regulate presynaptic function in young neurons, consistent with several lines of data in a variety of preparations that show increased levels of exogenous presynaptic CaMKII promote neurotransmitter release (Llinás et al., 1985; Nichols et al., 1990) . More significantly, the data show that CaMKII activity can be controlled, in part, by its turnover, and the ease with which CaMKII levels can be regulated provides additional support for the idea that individual synapses can titrate kinase concentration as well as activation and phosphorylation state (Aakalu et al., 2001; Sutton et al., 2004) .
Local control
A local gradient of aniso applied to presynaptic terminals on dendrites rapidly reduces the pool of vesicles available for fusion similar to bath application, while terminals on nearby cell bodies lying outside the gradient are unaffected. This argues strongly that the effect of protein synthesis on presynaptic terminals can be mediated locally.
A wealth of data supports that dendrites can translate particular proteins including CaMKII␣ (Steward and Schuman, 2001) , and that postsynaptic changes in CaMKII␣ function can be communicated retrogradely to presynaptic terminals (Haghighi et al., 2003; Pratt et al., 2003 ), but we find that short-term protein synthesis inhibition has no effect on postsynaptic function. Presynaptic terminals in mammals are generally thought to be devoid of the machinery and capacity to synthesize proteins (Giuditta et al., 2002) , but recent work suggests this idea requires revision (Taylor et al., 2009) . Developing axons contain proteins relevant for translational regulation (Christie et al., 2009) , and axonal growth cones generate and degrade proteins locally (Wu et al., 2005; Leung et al., 2006; Yao et al., 2006) . Neurites in invertebrates have characteristics of both axons and dendrites, but it is significant that suppression of an mRNA that concentrates presynaptically inhibits synapse assembly (Lyles et al., 2006) . Thus, rapid and local protein synthesis and degradation are likely contributors to presynaptic and postsynaptic development and differentiation.
A CaMKII to PKA switch
As synapses mature and grow larger, CaMKII actions on vesicle recycling appear to be replaced by PKA. In more mature hippocampal neurons, PKA more predominantly regulates FM dye recycling (Fig. 8) as well as synapsin I (Hosaka et al., 1999; Menegon et al., 2006; Sun et al., 2006; Willeumier et al., 2006) . Larger terminals use PKA based on their ability to recruit AKAPs, which localize PKA activity. We find that blocking AKAP binding mimics the effects of PKA inhibition on vesicle recycling. AKAPs anchor and concentrate PKA postsynaptically to affect a variety of critical actions relevant for synapse plasticity (Rosenmund et al., 1994; Snyder et al., 2005; Huang et al., 2006; Smith et al., 2006) , but our findings suggest that PKA anchoring at presynaptic sites may also be equally important. Consistent with this idea, conditional expression of Ht31 peptide in the CA3 region of hippocampus critically impacts L-LTP (late-phase LTP) recorded postsynaptically in CA1, as well as a hippocampal-dependent spatial memory task (Nie et al., 2007) . Collectively, the data indicate that the endogenous pathway used to regulate vesicle recycling depends on the age of the neuron and stage of synapse development, similar to what has been described previously for postsynaptic responses (Yasuda et al., 2003) .
